Mechanism of protein stabilization by trehalose during freeze-drying analyzed by in situ micro-raman spectroscopy.
Raman investigations were performed in situ during freeze-drying of two model proteins, lysozyme and chymotrypsinogen. The structures of proteins dissolved in 0-30 wt % solutions of trehalose in D2 O were monitored with the fingerprint (800-1800 cm(-1) ) spectrum, simultaneously with freezing, ice sublimation, and water desorption analyzed in the O-D stretching (2200-2700 cm(-1) ) region. In the absence of trehalose, the main changes were detected at the end of primary drying, and correspond to distortion and disordering of secondary structures. A stabilizing effect of trehalose was evidenced in primary and secondary drying stages. Raman images were calculated after freezing and primary drying, providing the distributions of trehalose, water, and protein which occur during the first two stages of the lyophilization cycle. Raman images show a slight heterogeneity in the degree of protein denaturation at the end of primary drying, in relation with the structure of the frozen product observed during freezing. The ability of trehalose to make the protein more rigid was determined as responsible for the protein stabilization during a lyophilization cycle.